The aim of this article is to provide a brief review of the ImageStream system (ISS). The ISS technology was developed as a novel method for multiparameter cell analysis and subsequently as a supportive tool for flow cytometry (FC). ISS integrates the features of FC and fluorescent microscopy collecting images of acquired cells for offline digital image analysis. The article presents an overview of the main characteristics of ISS and a comparison between ISS, FC and the laser scanning cytometer (LSC). We reviewed ISS applications focusing on those involved in cellular phenotyping and provide our own experience with using ISS as a supportive tool to classical FC and demonstrate the compatibility between FC and ISS photometric analysis as well as the advantages of using ISS to confirm FC results.
Introduction
The invention of microscopy in the seventeenth century first opened the horizon for crucial discoveries on the cellular, sub-cellular and molecular levels. The technical aspects of microscopy have developed over the centuries resulting in the development of sophisticated systems including modern confocal laser scanning microscopy (LSM), transmission and scanning electron microscopy (TEM and SEM, respectively), scanning tunneling microscopy (STM) and atomic force microscopy (AFM) [1] [2] [3] [4] [5] [6] [7] . These advanced systems allow multidimensional visualization of cellular and molecular structures.
Flow cytometry (FC) has been introduced to the field of cellular imaging as a supplemental tool to microscopy capable of analyzing objects in suspension. FC allows the acquisition of great number of objects in a relatively short time and introduces multiparameter analysis of whole as well as selected cellular populations [8] [9] [10] [11] [12] [13] [14] . Modern FC employs various optical combinations including multicolor lasers, filters and splitters as well as a variety of fluorochromes and probes used for labeling cells and thus provides for multitude research and clinical applications. Based on technological progress achieved in recent decades, modern FC instruments use up to seventeen color detectors and are armed with software capable of interpreting the collected signals [15, 16] .
Laser scanning cytometry (LSC) was the first technology to combine the features of fluorescensce microscopy with some features of FC such as multiparameter analysis of multiple objects based on their images. LSC combines phenotypic analysis based on expression of cellular markers with morphological analysis. However, for LSC acquisition, cells have to be fixed on carriers such as microscopic slides or plates [17] [18] [19] [20] . The methodology of multiparameter cellular analysis has taken a significant leap with ImageStream system (ISS) technology. ISS combines the majority of the advanced capabilities of FC and fluorescence microscopy [21] [22] [23] .
Similar to LSC, ISS acquires and analyzes fluorescent signals emitted by cells as well as multiple parameters related to cellular morphological features, including cellular diameter and both cellular and nuclear areas used for computing of nuclear to cytoplasmic ratio of each object. The ISS instrument is equipped with a multichannel, charge coupled device (CCD) camera which collects individual images of acquired objects ( Figure 1) . During post processing, photometric parameters of acquired cells can be correlated with their morphological features and fluorescent signals can be localized in exact cellular compartments. Similarly to FC, ISS acquires and analyzes data from large numbers of cells in suspension [21] [22] [23] [24] [25] [26] [27] .
This review portrays the general characteristics of ISS in comparison to other modalities such as FC and LSC. We will also provide an overview of multiple research and clinical applications of the system. As mentioned above in the title of this review the ISS is the first technology which "decodes the dots" by showing the images of acquired objects which were visualized until now only as "dots" (events) on the basic fluorescent, FSC and SSC displays by flow cytometry.
ISS overview
The ISS was developed by Amnis Corporation as the first commercially available imaging flow cytometer. As shown in Table 1 this instrument combines the features of modern fluorescence microscopy and FC. Similar to FC, the ISS analyzes a large number of cells in suspension collecting various fluorescent signals in a brief period of time ( Figure 1) .
Cells should be prepared according to well accepted techniques used for flow cytometry. Cells in suspension can be stained with various antibodies conjugated with typical fluorochromes as well as fluorescence probes and DNA dyes. ISS detects up to four independent fluorescence signals at the same time employing four separate channels. The system collects signals from most the commonly used dyes excited by blue laser (488nm) with the emission range of i) isothiocyanate of fluorescein (FITC); ii) phycoerythrin (PE) and tandem conjugates of iii) PE with Cy5 (PE-Cy5) and iv) PE with Texas Red (PE-TxR). Recently 375 nm, 405 nm and 658 nm lasers can be also used interchangeably to increase the capacity of the system. Cells in suspension (optimally 0.5-1 x 10 6 of cells in 50 µl of volume) are loaded into a fluidic system where they are hydrodynamically focused into a core stream and illuminated by a brightfield light source and a 488 nm solid-state laser. Collected signals include transmitted and scattered light as well as fluorescence signals emitted by cells. Fluorescent light is decomposed into six predefined wavelength ranges and collected in separate detection channels (Figure 1) . The photodiodes and photomultiplier tubes (PMTs) used in the classical flow cytometers have been replaced by a multichannel CCD camera functioning as the detector of the system [23] . By the technique of spectral decomposition, the combined image is optically split into a set of six subimages including four fluorescence images (corresponding to four fluorescence signals collected in multicolor flow cytometry) as well as brightfield and darkfield images. The CCD camera converts photons from collected light signals into photocharges in an array of pixels, which can be analyzed by image analyzing software. More than 200 features of each collected cellular image can be computed, analyzed and compared. Photometric and morphometric cellular features can be correlated so that fluorescence signals can be localized to exact cellular compartments. For instance, transcription factors such as NF-κB can be tracked during translocation from the cytoplasm to the nucleus or various extra-and intracellular molecules/receptors can be analyzed for their co-localization. Classical flow cytometry provides information about the presence of particular molecules in the cell by a characteristic fluorescence signal, while ISS gives additional information about the localization of this signal in the cell [22, 29] . The multiple features can be computed and compared not only on the single cell level but also among selected populations. This ability of ISS makes it similar to LSC. A comparison of specific features of ISS, FC and LSC is detailed in Table 2 . 
Applications of ISS
Various applications for ISS have been already proposed and successfully employed in various research fields [22] [23] [24] 28] . In Table 3 we summarized selected examples of ISS applications that have been recently published in the literature and some new applications already established in our laboratory. Accordingly, by analogy to LSC, ISS can be used to investigate protein translocations and precisely localize various molecules in cellular compartments [17, 22, [29] [30] [31] . Beyond FC, ISS can be used for morphological characterization of cells as presented in the examples below. Moreover, ISS can be employed to follow cellular processes including apoptosis, molecular translocations and cell cycle [23, 27, 28, [32] [33] [34] [35] [36] . ISS often becomes the preferred method to investigate some processes such as pseudopod formation by migrating cells and changes in cellular shape [37] . Because of the advanced capabilities of ISS, we should expect the list of applications to grow in the near future. (More information about ISS features and applications is available on Amnis Corporation website: www.amnis.com).
ISS as a supporting tool to classical FC
In our experience, ISS can be successfully employed as a supportive imaging tool to conventional FC analysis. Firstly, ISS allows the visualization of small cellular events such as platelets or VSELs (Very Small Embryonic-Like stem cells, stem cells isolated by our group from adult bone marrow) and subsequently distinguish them from cellular debris [38] [39] [40] . The IDEAS (Image Data Exploration and Analysis Software) employed by ISS is functionally similar to FC programs that display and statistically analyze cellular populations. In this approach, acquired objects are visualized using common dot-plots and histograms. Thus, ISS visualizes acquired objects using the methods described above allowing ac- curate identification and differentiation from artifacts and debris. This unique capability combines phenotypic and morphometric analysis of large number of cells in an efficient and accurate manner [21] [22] [23] .
Comparative analysis of peripheral blood (PB)-derived nucleated cells by employing classical FC and ISS
To better demonstrate the advantages of ISS technology as a supporting tool for FC we will describe the potential application of this technology using murine peripheral blood cells as a model. As shown in Figures 2-5 we analyzed murine peripheral blood nucleated cells (PBNC) utilizing both classical FC and ISS. We evaluated the expression of CD45 (panleukocytic) marker, hematopoietic lineages markers (Lin) and stem cell antigen 1 (Sca-1) on basic populations, including PB-derived granulocytes (polymorphonuclear cells; PMN), peripheral blood monocytes (PBM) and peripheral blood lymphocytes (PBL). The following antigens were selected as hematopoietic lineage markers (Lin): CD45R/B220, Gr-1, TCRαβ, TCRγδ, CD11b and Ter119. We have compared the distribution of CD45, Lin markers and Sca-1 on leukocytes using FC and ISS analysis. Later we validated our analysis by selecting images of the analyzed cells to verify the distribution of the analyzed markers and compared it with cellular morphology. We chose PBNC because they are commonly used by both researchers and clinicians. For practical reasons, we selected the above mentioned markers based on their abundance in these cells making the analysis easier to perform and more reliable. Figure 2 panel A shows a cytogram of PBNC visualizing their forward (FSC) and side (SSC) scatter characteristics related to basic morphological features such as size and granularity/complexity of the cells, respectively. Three major regions (R1, R2 and R3) enclose three basic populations of PBNC including lymphocytes, monocytes and granulocytes. Subsequently as shown in Figure 2 panel B by employing classical FC analysis we observed four major populations of PBNC characterized phenotypically based on the different intensity of CD45 and Lin markers' fluorescence (R4, R5, R6 and R7).
Subsequently, when classical methods of visualizing leukocytic populations based on forward (FSC) and side (SSC) scatter were employed, we observed that two of the fluorescence intensity based populations contain mainly lymphocytes, one includes granulocytes, while monocytes are distributed uniformly among all four subpopulations suggesting their variability in CD45 and Lin markers expression (Figure 2 panel C) . Lymphocytes were located in two tight clusters and could be characterized as Lin dim /CD45 bri (regions R6 and R7). The majority of granulocytes were included in region R4, described as Lin bri /CD45 dim , while regions R5 and R7 were predominantly filled with monocytes. Monocytes were also present to a lesser extent in regions R4 and R6. In the next step, we examined the Sca-1 expression among all four populations (Figure 3) . We observed the highest Sca-1 expression among the lymphocytic population enclosed in region R6 and monocytes included in region R5. Lymphocytes from region R7 expressed Sca-1 at a much lower level when compared with both populations enclosed in the regions R5 and R6, but higher when compared with granulocytes (region R4) (Figure 3) .
Employing ISS analysis we have obtained similar results ( Figure 4) . ISS employs a different strategy than FC to define objects of interest. Figure 4 , panel A shows the distribution of collected objects according to the area of the nucleus and a parameter called aspect ratio (AR) of the brightfield image. The aspect ratio is related to the shape of the object and is calculated as the ratio of cellular minor axis (width) to major axis (height). Round, non-elongated cells have an AR close to 1.0, while the elongated cells or clumps have a lower aspect ratio. Nuclei of cells were stained with 7-aminoactinomycin D (7-AAD).
Region R1 includes round nucleated cells, excluding cellular clumps (with lower AR or higher area of nuclear 7-AAD) and debris (with lower area of 7-AAD) ( Figure 4, panel A) . We also excluded from ISS analysis unfocused and saturated objects, which can generate compensation artifacts (plots not shown). We observed the same four major subpopulations of PB-derived leu-kocytes according to CD45 and Lin markers' expression among selected cellular objects (Figure 4, panel B) . The proportion of these populations was very similar to that determined by flow cytometry and the small observed differences could be explained by the unique analytical approaches of ISS. We also employed IDEAS software analysis to estimate the percent of Sca-1 positive cells among these populations (Figure 4 , panel C and D). We observed similar values to those obtained with classical flow cytometric analysis.
Finally, we confirmed the identity of the cellular populations classified based on surface markers' expression by direct visualization. This step added morphological verification of the surface markers-based categorization and confirmed the above steps (representative images in Figure 5 ). In the above example, we were able to "decode the dots" using direct visualization to confirm the flow cytometric categorization of lymphocytes, monocytes and granulocytes. This feature allows validation of gating strategy for defining of various populations by showing images of included objects.
ISS acquires fluorescent images using a separate channel for each color (as shown on Figure 5 ). Images from different channels can then be combined to assess the co-localization of various extra-and intracellular molecules as well as the translocation of different transcription factors from the cytoplasm to the nucleus. Moreover, ISS is armed with sophisticated software able to calculate the degree of co-localization or translocation and statistically analyze them among different cellular populations. Estimation of co-localization and translocation of molecules becomes one of the best established applications of this system making it superior to classical flow cytometry.
The above mentioned examples show the similarities in fluorescence based analysis between classical FC and ISS. Adding ISS to classical FC adds direct visualization to the analysis. This will verify the initial categorization performed by FC and more importantly exclude potential debris and artifacts enabling more accurate analysis and avoiding false positive results.
Similarly, laser scanning cytometry (LSC) has been used as a supporting tool for FC distinguishing major populations of peripheral blood such as granulocytes, monocytes and lymphocytes [41, 42] . Gerstner et al. conducted immunophenotyping of human peripheral blood by both LSC and FC analysis. They found significant similarities between these two methods in the distribution and content of major blood subpopulations such as granulocytes, monocytes and lymphocytes and their subtypes [42] . The authors concluded after detailed analysis of results that LSC can be potentially used for clinical investigations of rare samples or in cases when further cellular morphological features are important for diagnosis [42] .
Concluding remarks
The ISS was developed as the next generation of modern image technology and FC and can be uniquely employed in a multitude of research and clinical applications. This summary of the available literature together with our own experience indicates that ISS offers similar photometric analytical capabilities with the advantage of morphological analysis based on direct visualization.
Application
Feature/ features Apoptosis quantification based on changes in nuclear morphology and structure [23] Two features calculated based on nuclear images: "Spot Small Total" -total intensity of fluorescent "islands" within the nuclear image: higher in fragmented apoptotic nuclei; "Area" of nucleus computed from special mask (30% threshold mask): smaller in apoptotic cells;
Protein translocation analysis (e.g. translocation of transcription factors (TF) from cytoplasm to nucleus) [22, 24, 29, 31] "Similarity Score" -computed from correlation analysis of intensities of pixel pairs on two different images of the same cell (e.g. cytoplasmic and nuclear): high when TF is translocated to nucleus;
Co-localization and trafficking of molecules in various cellular compartments [30] "Similarity Bright Detail Score" -tracks similarity of the small bright details in the image pairs while compensating for the impact of background staining: high when two molecules are co-localized;
Shape Change Assay [37] "Aspect Ratio" -computed based on brightfield images as the ratio of minor axis (width) to major axis (height) of each object: Reference value ~ 1.0 for round objects, <1.0 for elongated cells;
Pseudopod formation and polarization of molecules in one cellular area [37] "Radial Delta Centroid" -measured as the distance from the center of the nuclear image to the center of the image of protein involved in pseudopod formation using the Pythagorean Theorem: larger when proteins are capped to one side of the membrane;
Cell classification and identification [27, 28] Various features including:"Intensity" -fluorescence intensity measured in different channels and correlated to the expression of various markers;"Area" of brightfield and nucleus related to cellular size and type;"Nuclear to cytoplasmic ratio" -computed from nuclear and brightfield images: important feature of primitive cells which allows distinguishing primitive from more differentiated cells;
Identification of mitotically active cells and cells in different phases of cell cycle [32, 33] "Intensity" -by measuring the fluorescence intensity of the nuclear dye, it is feasible to estimate the DNA content. Direct visualization of cells with higher DNA content will identify mitotic cells; 
